Benzoyl-phenylalanine introduced into specific SecY positions at the second, fourth, fifth, and sixth cytoplasmic domains allowed UV cross-linking with SecA. Cross-linked products exhibited two distinct electrophoretic mobilities. SecA cross-linking at the most C-terminal cytoplasmic region (C6) was specifically enhanced in the presence of NaN3, which arrests the ATPase cycle, and this enhancement was canceled by cis placement of some secY mutations that affect SecY-SecA cooperation. In vitro experiments showed directly that SecA approaches C6 when it is engaging in ATPdependent preprotein translocation. On the basis of these findings, we propose that the C6 tail of SecY interacts with the working form of SecA, whereas C4 -C5 loops may offer constitutive SecA-binding sites.
S
ec-mediated protein translocation takes place via the evolutionarily conserved translocon, SecYEG in prokaryotes and Sec61␣␤␥ in eukaryotes (1) . These channel-like transmembrane complexes (2) can cooperate with different cytosolic components. In bacteria, SecYEG participates in both the SRPand ribosome-dependent cotranslational integration of membrane proteins and the SecB-and SecA-dependent posttranslational translocation of periplasmic and outer membrane proteins (3, 4) . The crucial factor for the latter process is the SecA ATPase that drives preprotein movement into and across the translocon (5) . In doing so, a SecA-preprotein complex must interact specifically with SecYEG (6), leading to its large conformational changes coupled with the ATP hydrolysis cycles (7) .
SecY has 10 transmembrane regions (TM1-TM10, numbered from amino to carboxyl termini), six cytoplasmic regions (C1-C6), and five periplasmic regions (P1-P5) (ref. 8 ; see also Fig. 1A) , with its N-terminal (TM1-TM5) and C-terminal (TM6-TM10) halves arranged pseudosymmetrically in three dimensions (2) . It forms a heterotrimeric complex, having an hourglass-shaped narrow pathway for polypeptide transit in the SecY portion. Although a single unit of the trimer is thought to serve as a translocation channel (2, 9) , exact oligomeric state of the heterotrimer has not been established (10) (11) (12) (13) (14) .
SecA binds with high affinity to membranes containing SecYEG (15) , which stimulates the SecA ATPase activity (16) . Although cross-linking experiments using formaldehyde treatment of the cell detected direct cross-linked products between SecA and SecY (17) , SecA-binding sites on the SecY molecule have not been identified. SecA-binding assays using truncated SecY polypeptides fixed onto membrane filters suggested that a N-terminal region of SecY binds SecA (18) . However, it is difficult to evaluate the significance of the results obtained in such artificial experimental settings. In the structure of the translocon, the C-terminal half of SecY contains relatively large C4 -C6 protrusions, which were postulated to act as a platform for binding of cytosolic factors, such as the ribosome and SecA (2) .
Although site-directed chemical cross-linking approaches are effective for studying arrangements of subunits, such as SecYSecG and SecY-SecE, of the constitutively formed SecYEG complex (19) (20) (21) , they may not be effective enough to reveal transient association of SecYEG with SecA that should undergo dynamic conformational changes during the functioning. Our genetic and biochemical studies revealed that the C5 and C6 regions of SecY are indeed important for supporting the translocase function of SecA (6, (22) (23) (24) (25) . Whereas mutations such as secY39 (Arg-357-His in C5) (24, 26) and secY205 (Tyr-429-Asp in C6) compromise the functioning of SecA, including its ''insertion'' ability, compensatory or up-regulating alterations in SecA suppress such defects (6, 27) . Other mutations in secY, known as prl (28) and ''super active'' (29) alleles, apparently allow more effective utilization of SecA.
In this work, we attempted to study in vivo interaction between SecY and SecA, using the innovative technique developed by Schultz and colleagues (30, 31) that allows site-directed in vivo cross-linking. In this experimental system, an amber suppressor tRNA and a tyrosyl-tRNA synthetase from Methanococcus jannaschii are mutated to allow the charging of the tRNA with p-benzoyl-phenylalanine (pBPA), a photo-reactive phenylalanine derivative (32) . The benzophenone group of pBPA reacts with a nearby C-H bond upon excitation at 350-365 nm, and its positioning in the primary target protein can be manipulated by introduction of an amber (TAG) codon. Thus, we carried out in vivo cross-linking using SecY mutants having amber codons in the cytosolic regions. UV irradiation of cells cultivated in the presence of pBPA revealed marked cross-linking with SecA at specific SecY positions. We thus identified SecY residues that are adjacent to SecA in vivo. Among them, residues at C6 were found to be approached by a working form of SecA as it is driving preprotein translocation. information on the PNAS web site, amber fragments of SecY were detected in the absence of pBPA, whereas growth in the presence of pBPA led to the production of the full-size SecYHis 6 -Myc (Fig. 7 , which is published as supporting information on the PNAS web site). The SecYEG-His 6 -Myc (amber) plasmids were also shown to pBPA-dependently complement the growth defect caused by the chromosomal secY39(Cs) mutation (data not shown). Thus, introduction of pBPA, at least into the positions examined above, does not interfere with the functioning of SecY. UV irradiation of the pBPA-grown cells led to the formation of a SecY-SecG or a SecY-SecE cross-linked product as expected (Fig. 7) . Thus, the in vivo cross-linking approach can effectively address the subunit interactions of the SecYEG complex.
Cross-Linking Between SecY and SecA. To survey cytosolic residues of SecY for their proximity to other proteins, we constructed a total of 53 amber mutants of SecY-His 6 -Myc, as shown in Fig.  1 A. UV irradiation of cells grown in the presence of pBPA, isolation of membranes, and their electrophoretic͞immunoblot-ting analysis allowed us to identify a number of SecY positions at which it was cross-linkable with SecA (Fig. 2) . For instance, UV irradiation of cells expressing SecY-His 6 -Myc amber-434 yielded a band above normal SecA and reacting with both anti-SecA (Fig. 1B) and anti-Myc (Fig. 1C) . The appearance of this SecY-SecA cross-linked product was irradiation-dependent, reaching the maximum (Ϸ25% conversion of the membraneassociated SecA molecules) in Ϸ3 min under the experimental conditions used (Fig. 1D ). This irradiation time was used in all of the photo-cross-linking experiments in this study.
All 53 amber constructs were tested for in vivo photo-crosslinking. Immunoblotting with anti-SecA (Fig. 2) showed that the following SecY positions yielded a significant cross-linking with SecA: positions 109 and 111 in C2 (Fig. 2B) ; positions 248, 262, and 264 in C4 (Fig. 2D) ; positions 347 and 358 in C5 (Fig. 2E) ; and positions 433, 434, 435, 436, 437, and 438 in C6 (Fig. 2F) . Interestingly, two distinct electrophoretic mobilities were noted. The products mediated by the C2 or the C5 residues migrated slower than those mediated by the residues in C4 or C6.
NaN3 Enhances SecY Cross-Linking with SecA at C6. To correlate the degree of cross-linking to specific functional state of SecY͞SecA, we carried out the photo-cross-linking both with and without prior treatment of cells with NaN 3 , which is known to arrest the ATPase cycle of SecA (33) and to stabilize the ''membraneinserted'' state of SecA by retarding the ''de-insertion'' step (34) . In fact, the results presented in Fig. 2 had been obtained after NaN 3 treatment. All of the positions were tested for the effect SDS͞PAGE and anti-SecA immunoblotting. Cross-liked products are indicated by * for lower mobility product and ** for higher mobility product.
of NaN 3 on cross-linking. At most positions no difference was seen. However, enhancement of cross-linking by Ϸ2.5 fold was seen at three positions in C6: 434 (Fig. 3A, lanes 16 and 17) and 433 and 437 (data not shown). A decrease in cross-linking was observed at positions 111 in C2 and 358 in C5 (Fig. 3) . The C6-specific cross-linking enhancement by NaN 3 suggests that the spatial arrangement of SecA with this region of SecY undergoes significant changes during the reaction cycle of SecA.
Effects of Cis Placement of secY Alterations on Site-Specific in Vivo
Cross-Linking with SecA. We addressed the functional significance of the cross-linkings further by combining selected amber mutants of SecY-His 6 -Myc (positions 111, 248, 262, 347, 358, and 434) with the following secY missense alterations: prlA3 (Phe-67-Cys) (35) ; secY125 (Ser-76-Phe) (36, 37) ; secY762 (Ile-195-Ser) (29) ; secY39 (Arg-357-His) (24, 26) ; secY129 (Cys-385-Tyr) (36) ; and secY205 (Tyr-429-Asp) (6, 36) . Thus, a total of 36 double mutants were constructed (strain carrying the amber-434-secY39 double mutant plasmid did not grow in the presence of pBPA). They were subjected to in vivo cross-linking in the presence and the absence of NaN 3 ( Fig. 4A ; only data for position 434 are presented). The overall pictures of cross-linking were similar between the single and the double mutants, except that the NaN 3 response of cross-linking at position 434 in C6 was abolished by two secY mutations, prlA3 and the secY205 (Fig. 4A,  lanes 11 and 14) . The results that the NaN 3 effect is cancelled by mutational alterations affecting the SecY function are consistent with the notion that the C6-SecA distance is modulated by the SecA states of engagement in translocation.
In Vitro Cross-Linking at Position 434 Is Enhanced Under the Translocation Conditions. To address the relationships between the C6-SecA cross-linking and ongoing protein translocation reaction more directly, we carried out in vitro experiments using inverted membrane vesicles (IMVs) prepared from cells expressing either SecY-His 6 -Myc amber-434 or amber-347 mutants in the presence of pBPA. They were UV-irradiated during incubation with purified SecA alone, in combination with ATP, or in combination with both ATP and proOmpA. Cross-linking with SecA at position 434 was markedly stimulated by the addition of both ATP and the preprotein (Fig. 5A Upper, lane 5) . In contrast, pBPA at position 347 supported cross-linking with SecA equally well, irrespective of the presence or the absence of the translocation ligands (Fig. 5A Lower) . These results reinforce the notion that interaction between SecA and C6 region of SecY is coupled with protein translocation reaction, but SecA interaction with the C5 loop is more constitutive or static.
N-Terminal Two-Thirds of SecA Is Involved in a Static Binding with
SecY. The SecY-SecA cross-linked products show two electrophoretic mobilities. The product of the NaN 3 -responsive crosslinking involving C6 migrates faster than the product of more static cross-link that is mediated by a C5 residue. We compared these two SecY positions to see whether they can be cross-linked with N-terminal Ϸ2͞3 of SecA (Met-1-Lys-609; called N68) in vitro. The IMVs used above were mixed with N68 and UVirradiated. A cross-linked product with N68 was observed significantly with the amber-347 form of SecY-His 6 -Myc (Fig. 5B,  lane 3 ), but not with the amber-434 form (Fig. 5B, lane 7) even in the presence of ATP and proOmpA (data not shown). These results suggest that N68 that includes the ATPase domains of SecA is close to the C5 domain of SecY.
Discussion
Although Chin and Shultz (31) reported that their experimental system is effective in executing site-directed protein cross-linking in vivo, we have reported here its full-scale application to the residue-level in vivo analyses of protein-protein interactions in a biologically important molecular assembly. This approach is especially useful for dissecting the SecA-SecYEG interaction that changes during the course of protein translocation facilitation. We identified residues in cytoplasmic domains of SecY that are close enough to SecA to allow efficient cross-linking. Not all of the cytoplasmic domains contained such a residue. Thus, we failed to observe any SecA cross-linking at C1, at which crosslinking with SecY itself was observed (H.M., unpublished results) or at C3, at which cross-linking with SecG was observed.
Involvement of these SecY regions in self-dimerization and SecG binding, respectively, is consistent with previous reports (19, 21) .
The remaining cytoplasmic domains, C2, C4, C5, and C6, all contained residues cross-linkable with SecA. On the 3D structure model of SecY (2, 38) , the side chains of Ser-111 (C2), Tyr-248 (C4), Ser-262 (C4), Lys-347 (C5), and Lys-434 (C6) all are located at or near the tips of the cytoplasmic protrusions (Fig. 6A) . It is also notable that the majority of the residues that are in-close neighbors of SecA are in the C-terminal half of the pseudosymmetry units (Fig. 6A) , as discussed by Van den Berg et al. (2) , and are consistent with the implications from our genetic studies (6, 22, 24, 25) . Ser-111 in the N-terminal half is in the proximity of both SecA and SecG (19) , in line with the SecA-related functional roles assigned for SecG (39, 40) . After completion of this work, van der Sluis et al. (41) identified two SecY regions as potential interaction sites with SecA, C5 identified by chemical cross-linking and the cytoplasmic end of TM4 identified by a peptide array binding assay. Whereas the former site agrees with our conclusion, the significance of the latter site should be validated by experiments using native materials. The in vivo approaches we used in this study will be useful for the analysis of SecY-SecA interactions involving transmembrane regions of SecY.
Treatment of cells with NaN 3 resulted in specific enhancement of SecA cross-linking with C6 residues, but not at other cytoplasmic domains of SecY. The NaN 3 response was lost by an additional mutation, either secY205 or prlA3 of secY. Previous studies suggest that the secY205 mutation impairs the ability of SecY to support SecA functions, including its ''insertion'' (6), whereas the prlA mutations up-regulates the SecA-activating function of SecY (28, 42) . Although the absolute levels of SecA cross-linking with these mutant forms of SecY should be compared by more quantitative experiments, we assume that these mutations abolish the NaN 3 effect on the cross-linking through different mechanisms. Our in vitro results lend direct support to our conclusion that C6 interacts preferentially with SecA that is actively delivering a preprotein into the translocon.
We propose that the C4-C5 region provides relatively constitutive binding sites for SecA. Our results using the Cterminally truncated SecA variant (N68) indicate that C5 is close to the N-terminal 2͞3 of SecA. The ability of the N-terminal region of SecA to bind to SecYEG is consistent with a previous report (43) . If the different SDS͞PAGE mobilities of the crosslinked products reflect the positions of SecA responsible for the cross-linking, it seems possible that the slower migrating product is mediated by the N-terminal region of SecA, and the faster migrating product is formed at the C-terminal region of SecA (Fig. 6B ). This possibility, along with more precise determination of the partner residues in SecA, remains left for further experimental analyses. At any rate, the present results reveal at least three different modes of SecA-SecY interactions: (i) a dynamic and function-related interaction involving C6 of SecY and giving the faster-migrating product, (ii) a static interaction involving C5 of SecY and the N-terminal part of SecA and giving the slower-migrating product, and (iii) a static interaction involving C4 and giving the faster-migrating product (Fig. 6B) . It is possible that the interaction involving C2 is similar to the second interaction above.
We believe that the second interaction that occurs between the ATPase region of SecA and the C5 loop of SecY leads to the activation of SecA ATPase. A C5 residue Arg-357 was shown previously to be of particular importance for the SecY function in activating SecA (3, 24) . On the other hand, the first interaction involving C6 is related to the event, in which SecA actively drives translocation. These interpretations are consistent with our genetic observation that ATPase activation and preprotein translocation are separable (58) . The fact that a number of the C6 residues can be cross-linked to SecA might imply that SecA is actually moving along the C6 region of SecY. This speculative notion is consistent with the involvement of the C6 region in the ATP-and preprotein-dependent SecA insertion event (6, 25) . A recent report (44) also suggests that SecA undergoes extensive conformational changes upon binding to the translocon. The NaN 3 stimulation of type i cross-linking agrees excellently with the reported ability of this reagent to stabilize the inserted state of SecA (34) . While our present studies provide a framework for our further understanding of SecA-SecY interactions, fundamental issues, the oligomeric state of the working state of SecA (45) (46) (47) (48) , and that of the active form of SecYEG (12, 14, 15, 17, 18) , remain to be addressed by more direct structural analysis. pDUEL-Tyr is the original Tet R plasmid encoding the mutant MjtRNA and the mutant MjRS (52), which allow amber codon suppression by incorporating pBPA. pHM640 and pHM649 were its derivatives having Km R marker (from pUC4K obtained from Takara, Tokyo, Japan) or Cm R marker [from pHP45⍀-Cm (53)], respectively, inserted into the EagI site within the Tet R marker gene. Amber mutants of SecYHis 6 -Myc on pNA3 (54) were constructed by replacing specified secY codons with TAG, using the QuikChange procedures (Strategene, La Jolla, CA), followed by confirmation of the nucleotide sequences.
Materials and Methods
In Vivo Photo-Cross-Linking. Two plasmids, one (pDUEL-Tyr, pHM640, or pHM649) endowing the host cell with the ability to incorporate pBPA in response to an amber codon and another expressing an amber mutant form of SecY-His 6 -Myc, were introduced into either strain MC4100 (for pHM640) or strain AD202 (for pDUEL-Tyr or pHM649). The transformed cells were grown at 37°C on M9-glucose medium supplemented with pBPA to a midlog phase, at which a portion (1 ml) of the culture was transferred to a Petri dish and irradiated with UV (365 nm) for 3 min by using a B-100AP (Ultraviolet Products, Upland, CA) UV lamp at a distance of 4 cm. Irradiated cells were collected by centrifugation, washed with 10 mM Tris⅐HCl (pH 8.1), and suspended in 400 l of Tris⅐HCl (pH 7.5), 1 mM EDTA, and 0.1 mM Pefabloc (Merck, Whitehouse Station, NJ). Cells were disrupted by freezing-thawing and sonication [Heat Systems (Farmingdale, NY) sonicator] with cooling on ice. After removal of debris materials by centrifugation [13,000 rpm for 10 min at 4°C with a TOMY SEIKO (Tokyo, Japan) MRX-150 centrifuge], membranes were precipitated by ultracentrifugation [45,000 rpm for 30 min at 4°C with a Hitachi (Tokyo, Japan) S45A rotor] and solubilized with 1% SDS at 37°C for 60 min. Proteins were separated by SDS͞PAGE (55) and detected by immunoblotting (56) using antiserum against SecY, SecA, SecG, or Myc. Protein concentrations of SecA and IMVs preparations were determined by A 280 (molar adsorption coefficient of SecA assumed to be 1.0 ϫ 10 5 ) and the Bradford method, respectively.
Other Materials. SecA and its N68 fragment were purified as described (57) . IMVs were prepared as described (24) .
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